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Abstract: Tethered capsule endomicroscopy (TCE) is an emerging screening technology that
comprehensively obtains microstructural OCT images of the gastrointestinal (GI) tract in
unsedated patients. To advance clinical adoption of this imaging technique, it will be
important to validate TCE images with co-localized histology, the current diagnostic gold
standard. One method for co-localizing OCT images with histology is image-targeted laser
marking, which has previously been implemented using a driveshaft-based, balloon OCT
catheter, deployed during endoscopy. In this paper, we present a TCE device that scans and
targets the imaging beam using a low-cost stepper motor that is integrated inside the capsule.
In combination with a 4-laser-diode, high power 1430/1450 nm marking laser system (800
mW on the sample and 1s pulse duration), this technology generated clearly visible marks,
with a spatial targeting accuracy of better than 0.5 mm. A laser safety study was done on
swine esophagus ex vivo, showing that these exposure parameters did not alter the
submucosa, with a large, 4-5x safety margin. The technology was demonstrated in living
human subjects and shown to be effective for co-localizing OCT TCE images to biopsies
obtained during subsequent endoscopy.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Tethered capsule endomicroscopy (TCE) is a new technology that implements optical
coherence tomography (OCT) using a swallowable capsule that can be administered in
unsedated patients [1,2]. Once swallowed, the device traverses the gastrointestinal (GI) tract,
continuously collecting OCT images, creating a three-dimensional microscopic map of the
esophagus in its entirety [1,2]. The procedure takes only 5-6 minutes and patients can return
to their daily activities immediately after it is over [3,4]. Multiple studies have demonstrated
the promise of using TCE for screening for esophageal diseases in patients [1-7], for other
upper GI tract organs [8], and the use of esophageal TCE has been reported in a primary care
clinic [3]. As opposed to endoscopy, TCE does not require sedation or a specialized setting
and can be conducted by nurses or technicians. Following the procedure, the device can be
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disinfected and reused many times (> 10 times), driving per patient costs down. These
features of OCT-TCE potentially make it useful for screening for diseases such as Barrett’s
Esophagus (BE), which heretofore has not been well addressed by upper endoscopy [9].

The next major step in the clinical translation of TCE for screening is the validation of its
diagnostic accuracy against the gold standard, histopathology of endoscopically acquired
biopsies. Requisite co-localization of OCT images and biopsies can be challenging using
whole organ microscopy techniques such as balloon-based volumetric laser endomicroscopy
(VLE) [10,11] and TCE. Using of the same catheter to deliver OCT light and the higher
power laser light solves this issue by creating endoscopically-visible fiducial marks in the
patient’s esophagus that correspond to specific OCT targets [12,13]. Biopsies taken from
these marked sites are inherently co-localized to the target OCT image within an uncertainty
caused by patient/device motion that occurs between target selection and mark creation
[12,13]. Studies using driveshaft-based, centering balloon VLE have shown that laser
marking is highly effective for co-localizing esophageal OCT images with histology, with a
spatial targeting error of about 1 mm. Balloon-based VLE targeting using laser marking is
now being used clinically in multiple centers to good effect [13,14].

Laser marking in TCE devices has additional challenges, such as greater motion of the
device in vivo, as it is not easily held in one place as opposed to the much larger diameter
balloon. Our previous laser marking study in human subjects with TCE capsule (unpublished)
showed that laser marks were irregular and ineffective when generated using a 2-second
exposure duration (Fig. 1). The instability of the capsule in the esophagus necessitates that the
time required to generate a laser mark be reduced from 2 s. We developed a new marking
system that provided higher power to shorten the exposure time to 1 s to mitigate motion
artifact.

In addition, it has been recognized that scanning the beam with a micromotor integrated
into the capsule has many advantages over driveshaft mechanical scanning. One of the most
important benefits of micromotor-based TCE is reduced non-uniform rotational distortion
(NURD) artifacts [15] that can become especially severe when the subject bites on the tether.
Here, we report the development, validation, and human use of an integrated stepper
micromotor-based laser marking TCE device and system.

Fig. 1. Endoscopic image of TCE laser marking using a tissue irradiation power of 400 mW
over a duration of 2 seconds. Blue arrows indicate the marking sites that are irregular and
distorted due to tissue motion during the exposure period.
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2. Methods

2.1 Laser marking study in swine esophagus ex vivo

Our prior study in subjects (Fig. 1) showed that laser marks were irregular and ineffective
when generated using a 2 seconds exposure duration. We then increased power to 800 mW
and decreased the laser marking time to 1 second. We conducted a study in swine esophagus
ex vivo to determine the anatomic cautery depth for the new parameters. The esophagus was
excised from euthanized swine (Yorkshire, > 40 kg), cut open, and covered by a Poly(methyl
methacrylate) (PMMA) sheet to mimic the capsule. A single-mode fiber ball lens probe,
similar to that used in our TCE devices, was placed above the PMMA sheet, delivering laser
energy onto the sample. The spot size measured at 1310 nm was 37 pum, which was consistent
with the spot sizes of our typical TCE devices. The tissue was exposed with 800 mW, 1450
nm laser light through the core of the single mode fiber for 1s, 2s, 3s and 4s at 3 different
locations along the esophagus (distal, mid, proximal). Immediately thereafter, tissue
cryosection block was prepared and a 10-micron tissue cryosection was cut every 150
microns through the cautery sites. The sections were stained by nitro-blue tetrazolium
chloride (NBTC) to differentiate thermally injured tissue from viable tissue. The maximum
depth and lateral extent of each cautery spot was morphometrically measured. A total of 9
cautery sites (distal, mid and proximal sites from each animal, 3 animals in total) were
analyzed for each exposure time. The mean thermal injury depths and lateral width were
tabulated for the different exposure times. In addition, the distances between the maximum
thermal injury depths and the superficial boundaries of the submucosa were measured.
Statistical analysis using ANOVA was performed to investigate if different locations
(proximal, mid and distal) created a different injury under the same laser exposure time. P
values were calculated, and p < 0.05 criteria was used for determining whether difference was
statistically significant.

2.2 In vivo clinical system
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Fig. 2. (A) Photograph of the clinical compact imaging system (CIS) with marking laser
system and TCE capsule. (B) Schematic of the clinical system.

A clinical OCT-guided marking laser system was built, tested and IRB approved (IRB 13-
P001254, IRB 17-P001752) for subsequent in vivo human studies. The system consisted of a
compact imaging system (CIS), a marking laser system and a tethered capsule (Fig. 2). The
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imaging system, containing an Axsun swept source laser, provided real-time (39 frames/s,
100 kHz A-line scan rate) microstructural OCT imaging for identifying the tissue targets.
Once a target was identified, the operator could select the target on the OCT image by placing
a finger on the image on the touch screen display. The coordinate of the target was sent to the
embedded motor and marking laser control unit (Fig. 2(B)). After receiving the execution
command, the control unit automatically stopped the motor in the capsule to aim the marking
laser at the target, opened the shutter, and activated the marking laser. The marking laser light
and OCT imaging light were coupled into the same single mode fiber in the TCE device
through a wavelength division multiplexing (WDM) coupler.
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Fig. 3. Schematic of marking laser subcomponents.

To minimize tissue motion artifacts (Fig. 1), the exposure time was set at 1 s. This
decrease in exposure time necessitates a laser power increase to maintain the total energy (0.8
J) that can create laser marks [12,16]. Given the commercially available single mode lasers
that we identified and optical losses in the system and TCE device, we needed 4 laser diodes
(Fig. 3) to achieve a total of 800 mW on the tissue. Polarization multiplexing was used for
combining the power from the two diodes at the same wavelength with a given polarization
state. Wavelength multiplexing using lasers at 1430 and 1450 nm wavelength was conducted
to increase power further. Both laser wavelengths had good water absorption efficiency
(extinction coefficients: 29.26 and 30.54 cm”-1 for 1430 nm and 1450 nm respectively),
which is required for tissue marking. The power from the single mode laser diodes was
coupled into a single mode fiber and transmitted through the same optics used for imaging.
The power from the laser diode pair for each wavelength was efficiently combined by
asserting cross-polarization states with polarization controllers (Pol Contr) and mixing with a
polarization combiner (Pol Comb). Then, the laser light at 1430 nm was combined with the
light at 1450 nm by an add/drop combiner.

Several safety features were implemented for this Class IV marking laser: A laser
exposure time monitoring circuit (Fig. 2(B)) to ensure the exposure time is within 1 second; A
power monitor (Fig. 2(B) and 3, Tap photodiode) to guarantee the laser power is under the
IRB-approved power limit (0.82 W); Foot pedal and laser enable button for quickly closing
the shutter and disenabling the laser; Buzzer and LEDs for indicating the laser status. With
these safety features, the tissue was irradiated with the right power, proper timing, over the
specified duration.
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Fig. 4. Schematic of TCE capsule with a distal motor. The outer diameter of the capsule is 11
mm.

A distal 20-phase micro stepper motor was used within the capsule to scan the imaging
beam and aim the marking laser at the target. Figure 4 shows the design of the TCE capsule
with the distal micro stepper motor. OCT and marking light propagated through an optical
fiber within the tether that was terminated by a ball lens fiber probe, producing a focal spot
size of 30-40 um. Light from the probe reflected off a mirror that was mounted on the
motor’s shaft to irradiate the tissue. 1310 nm OCT laser and 1430/1450 nm marking laser
were focused at 0.59 mm and 0.8/0.82 mm from the capsule surface respectively. The outer
diameter of the capsule is 11 mm. The electrical control signal was transmitted through the
motor control wires to drive the motor.
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Fig. 5. Synchronized micro-stepping control signal for the distal stepper motor. The orange
arrow indicates the zoom-in view of OCT engine and divided clock signal traces. V on vertical
axis represents the voltage unit, volts.

A customized control scheme was implemented to perform encoder-free, high precision
targeting (0.5 mm). To synchronize the motor’s scan position with the image, the driving
waveform was synchronized to the OCT A-line trigger (black trace in Fig. 5). After
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amplification and frequency division, the clock signal (green line) was fed into the
microcontroller to generate a series of pulses (red lines). By changing the duty cycle (motor
pin 1), subtracting the voltage with a reference pin (motor pin 2), and time averaging by the
inductive electromagnetic winding, a sinusoid like motor driving waveform was generated
(blue line). When the same driving waveform with a 90° phase shift was sent to the stepper
motor’s second winding, the rotor started to spin. The synchronization with the A-line clock
stabilized the target in the imaging window, allowing the marking laser beam to be accurately
directed to the target. Besides motor and imaging speed synchronization, the capability of
performing micro-stepping was critical for high precision targeting. Once receiving the
coordinate of target, the motor stopped at one of the dwelling points that was closest to the
target. The maximum discrepancy between the intended position and the actual dwelling
position was half of the space interval between two neighboring dwelling points. Without
micro-stepping, the laser beam could only be stopped at 20 discrete positions along the 34.54
mm circumferential length of capsule, resulting in spatial resolution of 0.86 mm (half of the
step size), which is too coarse for our application. Micro-stepping at 40 steps per rotation
improves the theoretical targeting accuracy to 0.43 mm. We measured each step size and
reported the histogram in the result section, section 3.2. While it was possible to introduce
more than 40 steps to obtain better accuracy, a higher drive current would be required to
maintain sufficient torque, potentially increasing the capsule’s temperature to unsafe levels.

2.3 TCE laser marking clinical study
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Fig. 6. Flow chart of the laser marking process used in the clinical study.

We are conducting a clinical study to test the laser marking TCE device. The study is
approved by the Partners IRB (IRB 13-P001254, IRB 17-P001752) and a detailed protocol is
listed on clinicaltrials.gov (https://clinicaltrials.gov/ct2/show/NCT02422433). Study subjects
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are recruited from patients with biopsy-proven BE, aged 18 and older, who are undergoing an
upper endoscopy. After the capsule was swallowed by an unsedated subject, the operator
started OCT imaging. Images were recorded while the capsule passively traveled down the
esophagus. Once the OCT image indicated that the capsule had passed through the
gastroesophageal junction and reached the stomach, the capsule was manually pulled back
across the lower esophageal sphincter and through the esophagus using the tether. When a
target of interest was identified during pull-back imaging, the tether was held in place, and the
tether tick mark reading at the incisors was recorded. The operator subsequently stepped on
the foot pedal and enabled the marking laser system by pressing the enable button. Then, the
operator clicked on the target displayed on the screen and pressed the activation button to
place the laser mark(s). One or two marks may be placed, depending on study protocols and
user input prior to the procedure. After marking, the motor automatically resumed spinning to
acquire post-marking images. Following a short period of post-marking imaging, the tether
tick marks at the incisor were recorded again and imaging and pullback resumed. This
process was repeated for the next region of interest (up to two marks per centimeter and a
maximum of 6 marks per subject). Most laser markings were performed at the diseased area,
which is typically at distal portion of the esophagus, near the gastroesophageal junction. After
all targets in the subject were laser marked, the capsule was pulled out from the subject and a
questionnaire regarding tolerability of the procedure was administered. Then, the subject was
sedated and underwent standard of care endoscopy with biopsy. During the endoscopic
procedure, the laser marks were identified and biopsies were acquired in between or adjacent
to the laser marks. Histology from the biopsy samples were then correlated with the
corresponding OCT images. When multiple biopsies were taken, the histology was further
correlated with OCT data by the corresponding tether tick mark recorded at the incisors.

2.4 The targeting accuracy of TCE laser marking

We quantified the cross-sectional targeting accuracy in human subjects in vivo by subtracting
the location of the selected target position in the pre-marking image from the location of
hyper-reflective mark in the post-marking image. Pre- and post-marking images were first co-
registered using anatomical landmarks (e.g. tissue fold, crypt, and glands etc.) shared by both
images.

3. Results
3. 1 Laser thermal injury tests on ex vivo swine esophagus

Using 800 mW of power at 1430/1450 nm, the exposure time between 1 and 4 seconds
created cauterized marks that were visually identifiable (Fig. 7(A)). Longer exposure times
created larger cauterized marks. Figure 7(B) shows a representative NBTC histology image at
a marking site (800 mW, Is).
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Fig. 7. (A) Photograph of marking sites on an excised swine esophagus lumen. Marks were
generated with laser parameters of 1430/1450 nm, 800 mw, and 1-4 s exposure time. The
illumination spot size was 37 um. (B) A representative digitized NBTC-slide showing the
mark obtained using 800 mw for Is. The non-stained region delineates the extent of laser
thermal injury. Blue dash lines indicate the injury width and depth. The red line indicates the
distance between the deepest portion of the mark to the submucosa.

The dimensions of lateral and depth extent of the laser marks were measured (Fig. 7(B),
blue dash lines) in addition to the distance between the deepest portion of the marks to the
superficial boundary of the submucosal layer (Fig. 7(B), red line). Figure 8(A) shows that the
lateral extent of the mark increased by approximately a factor of two between 1s and 4s. In
contrast, the depth only increased by about 20% (Fig. 8(B)). The laser thermal injury did not
penetrate beyond the muscularis mucosae even with a 4s exposure time (Fig. 8(C)). These
findings demonstrate that 1430/1450 nm laser at 800 mW with 1-4 s exposure time produces
defects in swine esophageal tissue that are comparable to the tissue removed by standard
biopsy forceps. For the clinical study, we used a 1 s exposure time to minimize motion
artifact.

Statistical analysis showed that there were no statistically significant differences in injury
(lateral width, depth and the margin to the submucosa) between proximal, mid or distal
locations (p > 0.15 for all 4 exposure durations).
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Fig. 8. Laser marking data from swine esophagus ex vivo using 800 mW of 1430/1450 nm
light. The total number of data points for each exposure parameter is 9. Three data points
(distal, middle and proximal esophagus) are collected from each of the three animals. (A) Bar
chart of the lateral width of laser mark for different exposure times. (B) Bar chart of the depths
of laser marks as a function for different exposure times. (C) Bar chart of distance between the
deepest portion of the laser mark to the most superficial aspect of the submucosal layer for
various exposure times. The error bars indicate standard error.

3.2 Performance of the TCE capsule with distal stepper motor

Figure 9 shows an image of a human esophagus, obtained in vivo with the micro-stepper
motor TCE device. The distal stepper motor with the synchronized micro-stepping control
generated high quality images in vivo.

Fig. 9. An OCT image of human esophagus acquired by the TCE device with a distal stepper
motor in vivo. The blue arrow demarcates the electrical wires that send the driving waveforms
to the motor.
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Figure 10 shows the histogram of the increments of the beam around the outer surface of
the capsule produced using a micro-stepping waveform comprising 40 steps. The average step
size is 0.85 £ 0.09 mm (standard deviation). The maximum step size is 1 mm and thus the
maximum error between the intended position and actual marking position is 0.5 mm.
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Fig. 10. Histogram of increments of the beam’s position along the outer surface of the capsule
when it is scanned using the micro-stepping motor (40 steps).

3.3 TCE laser marking clinical study

A total of 5 subjects (2 male / 3 female. Race: 5 white.) mean age 61.4 + 5 (standard
deviation) years old have undergone the TCE laser marking procedure. Two subjects were
enrolled but excluded from the study. One excluded subject was unable to swallow the
capsule. Another excluded subject had a previously undiagnosed candidiasis condition, which
made it difficult to identify the laser marks endoscopically. The average time for the entire
laser marking process was 7 + 2 (standard deviation) minutes. The endoscopy procedure
including sedation took 9.6 & 3.6 (standard deviation) minutes and it took 38.4 = 8.5 (standard
deviation) minutes for the subjects to recover from the sedation. Laser marking was
successful (laser mark placed that was visible on endoscopy) for 91.6% (11 out of 12
attempts) of the attempts. There were no cases where the patient sensed the mark when it was
applied. There were also no complications of the TCE or laser marking procedure.

Figure 11 shows an example of TCE laser marking of a study subject’s (a BE patient)
esophageal squamous mucosa that is not involved with BE. The two red lines in the pre-
marking OCT image (Fig. 11(A)) correspond to where the two laser marks are intended to be
placed. These marks bracket the target tissue that has the typical layered appearance of
esophageal squamous mucosa. The post-marking OCT image showed that the laser marks,
seen as superficial hyperreflective regions, were placed where intended (Figs. 11(B) and (C),
orange arrows). The laser marks were also clearly visible by conventional endoscopy
performed after the TCE procedure, seen as white lesions on the surface of the esophagus
(Fig. 11(D), red arrows). A biopsy was taken between the laser marks; histology (Fig. 11(E))
confirmed that the marked tissue contained normal esophageal squamous epithelium.



Research Article Vol. 10, No. 3 | 1 Mar 2019 | BIOMEDICAL OPTICS EXPRESS 1217 I

Biomedical Optics EXPRESS

G~ 7 200 um

Fig. 11. TCE laser marking of a study subject’s (a BE patient) normal esophagus. (A) Pre-
marking OCT image of a region of the normal esophagus. The red lines indicate where the
operator intends to place the laser marks. (B) OCT image of the study subject’s esophagus
after laser marking. Orange arrows demarcate the hyper-reflective signal from the cauterized
laser marks. (C) Enlarged image of the marking sites, showing the OCT appearance of the
laser marks (orange arrows) in greater detail. (D) Endoscopy image of the laser marks (red
arrows). (E) Histology from a biopsy taken between the two laser marks confirms that the
tissue between the marks is squamous epithelium.

Figure 12 shows an example of TCE laser marking guided biopsy of Barrett’s esophagus,
in vivo. The pre-marking OCT image (Fig. 12(A)) shows BE as tissue without squamous
layering, heterogeneous backscattering, and an irregular mucosal surface. For this case, only
one laser mark was applied on the BE region at the location denoted by the red line (Fig.
12(A)). After the laser mark was applied, the post-marking image showed a highly reflecting
laser cautery mark near the intended location (Figs. 12(B), (C)). White light endoscopy
performed after the TCE procedure demonstrates a clearly visible laser mark on the surface of
salmon-colored esophageal mucosa (Fig. 12(D), red arrow). Histology from an endoscopic
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biopsy obtained adjacent to the mark (Fig. 12(E)) shows specialized intestinal metaplasia, the
most common form of BE.

Fig. 12. TCE laser marking of Barrett’s esophagus in a study subject. A) Pre-marking OCT
image of BE mucosa. The red line indicates where the operator intends to place the laser
marks. (B) OCT image of the study subject’s esophagus after laser marking. The orange arrow
points to hyper-reflective signal from the cauterized laser mark. (C) Enlarged image of the
marking site, showing the OCT appearance of the laser mark (orange arrow) in greater detail.
(D) Endoscopy image of the laser mark (red arrow). (E) Histology from the biopsy taken
adjacent to the laser mark, confirming that the marked tissue was BE.

3.4 The accuracy of TCE laser marking in vivo

We were able to successfully co-register 9 pre- and post-marking images from the 5 subjects.
After subtracting intent-to-mark and post-marking locations, the cross-sectional difference

between the intended target and the actual marking positions was 0.95 +/— 0.53 (standard
deviation) mm.

4. Discussion

The field of TCE is growing with many studies now using tethered capsules for GI tract
diagnosis [1,2,7]. Since TCE does not have biopsy capability, it is essential that new
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technology become available to allow TCE images to be correlated to histopathology.
Without histopathologic validation, this promising technology cannot be used for patient care.
Laser marking using a tethered capsule is the most attractive way to conduct these validation
studies and thus TCE laser marking technology presented in this study is a critical
advancement. Moreover, we have demonstrated that using TCE laser marking to guide biopsy
is feasible and safe in human subjects. After validation, the TCE device can be used
independently for screening unsedated patients and for placing marks at lesions that may
require follow-up during a subsequent endoscopy.

The main challenge that we encountered when conducting TCE-based laser marking was
marking precision artifacts caused by motion of the capsule in the esophagus, which is greater
than that of balloon-catheter VLE. By increasing the power to 800 mW and decreasing the
laser exposure time to 1 second, we found that these artifacts can be overcome to produce
tightly localized marks on the esophagus in living human subjects (Fig. 11(D) and 12(D)).
Besides shortening the laser exposure time, we further mitigated this potential issue by
performing laser marking only during pullback (Fig. 6). This procedural step allows us to fix
the proximal end of the capsule to the leading edge of the peristaltic contraction. In addition,
the size of targets, such as BE, dysplasia and adenocarcinoma are typically > few mm [17]
and the accuracy of endoscopic biopsy is > 1 mm, which are roughly on the same scale as the
~Imm marking error at the dynamic gastroesophageal junction (GEJ) as shown in Fig. 12(A)
and (B). Our overall cross-sectional targeting accuracy is 0.95 + 0.53 mm (standard deviation
from 5 subjects, 9 marks). Finally, since the hyper-reflective laser marks can be visualized in
OCT images, we can correlate histology with post-marking OCT images for validating the
diagnostic accuracy against histology. Given these considerations, the accuracy of TCE laser
marking should be more than sufficient for most regions of interest in the esophagus.

In addition to optimizing the laser marking exposure parameters, we improved the device
by incorporating a distal stepper micromotor in the capsule to scan the OCT beam. The A-line
clock was used for synchronizing the A-line acquisition and motor rotation, so that a
stationary target would not rotate and would remain stationary in the imaging window for
high-precision marking. Once receiving the coordinate of target, the motor stopped at one of
the 40 dwelling points that was closest to the target. The maximum discrepancy between the
intended position and the actual dwelling position was half of the space interval between two
neighboring dwelling points. Figure 10 shows the histogram of the size of space intervals.
The maximum interval at the capsule’s surface was 1 mm. Therefore, the maximum
discrepancy between the intended position and the actual dwelling position (targeting error)
was ~0.5 mm. Under same number of steps, the targeting accuracy scales inversely with
diameter, as the diameter goes up, the accuracy goes down and vice versa. We have initially
used 11-mm-diameter TCE devices as this is a standard set forth by predicate devices such as
video capsule endoscopes. Unsedated TCE targeting accuracy is similar to sedated VLE
targeting accuracy and thus both technologies may be used to guide targeted biopsy
acquisition. The aim of this study was to demonstrate the feasibility of performing laser
marking on unseated patients with TCE devices. In addition, since the stepper motor does not
require an encoder for absolute position determination, the device can be less expensive and
complex, which is consistent with the low-cost requirement of a capsule-based screening
technology.

We used ex vivo animals to test our marking laser parameter set and froze those
parameters for the clinical product. All subjects were tested under the same parameters. These
parameters and the described clinical device satisfy the requirements for effective TCE-based
laser marking in human subjects. For our exposure parameters (800 mW, 1430/1450 nm), the
deposited laser energy, as determined by exposure duration (1-4 s), diffused predominantly in
the lateral direction. From 1 to 4 seconds, the lateral injury width (Fig. 8(A)) increased by a
factor of two, but the depth (Fig. 8(B)) only increased by ~20%. Therefore, it is not surprising
that the laser thermal injury does not penetrate beyond muscularis mucosae even with a 4s
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exposure time (Fig. 8(C)). The extent of injury on the swine esophagus is comparable to that
of standard biopsy forceps. For minimizing the motion artifact, we used a 1 s exposure time,
which has a large 4x safety margin.

Results obtained in 5 subjects so far demonstrate that TCE laser marking can be a safe and
effective way to correlate OCT TCE images to co-localized biopsies and corresponding
histology. The missing mark (1 out of 12 attempts) was successfully identified in OCT image,
but could not be identified by video endoscopy. Due to an uneven tissue surface, video
endoscopy was not able to visualize 100% of the esophagus. In the future, we can increase the
number of marks per target to avoid this potential issue. The co-localization capability is
highly important now to validate the diagnosis of TCE images in histopathologic correlative
studies. In addition, guided biopsy via TCE could also find similar utility to real-time
targeting in VLE, enabling the sampling of aberrant tissue that is missed by random
endoscopic biopsy, the current standard of care. TCE laser marking has advantages over
balloon-based VLE targeting as the former can be conducted in unsedated patients at the point
of care. Larger clinical studies using TCE laser marking should be conducted to validate TCE
and determine its clinical utility for guiding biopsy.

Looking towards the future, it is also possible to consider a scheme where TCE diagnosis,
targeting, and laser marking are performed automatically, based on advanced signal
processing [18,19] or machine learning methods [20]. Such an advance could be facilitated by
use of a pulsed Raman fiber laser [21], coupled into the inner cladding of a double clad fiber,
recently demonstrated for ablating tissue in real time while OCT imaging [22]. This strategy
would also be consistent with the screening case use scenario of tethered capsule
technologies, obviating expert image interpretation during the TCE procedure.

5. Conclusion

OCT-based tethered capsule endomicroscopy is an up and coming, minimally-invasive
technique for upper GI tract microscopic screening in unsedated patients. Histologic
validation is a critical step that is required for the adoption of TCE. Here, we have described a
TCE laser marking system and a stepper micromotor, beam scanning capsule that allows TCE
OCT images to be correlated to endoscopic biopsies taken from the patient. Animal and
human data using this technology in vivo shows that TCE laser marking is an effective and
safe method for making this correspondence. Beyond histopathologic validation, TCE laser
marking also has the potential to become a useful tool for marking microscopically abnormal
tissue found during an outpatient capsule screening procedure that can subsequently be
biopsied endoscopically. The convenience and cost-profile of such a strategy could
significantly improve the care of patients with BE and other gastrointestinal diseases.
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